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►  Continuous  Cr  evaporation  measurement  for  3000  h. 

►  640  nm  Co  coating  showing  no  sign  of  degradation  over  3000  h. 

►  Detailed  TEM  analysis  of  oxide  scale/coating  development  from  15  s  to  3000  h. 
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The  oxidation  behaviour  of  the  uncoated  ferritic  Fe-22Cr  steel  Sanergy  HT  is  compared  with  an  640  nm 
Co  coated  version  of  the  same  material.  The  materials  have  been  subject  to  corrosion  and  Cr  volatilization 
measurements  in  air  for  up  to  3000  h  at  850  °C.  Oxidation  tests  have  been  carried  out  both  isothermal 
and  discontinuously.  The  volatilization  measurements  were  carried  out  using  a  recently  developed 
denuder  technique,  which  allows  to  quantify  Cr  evaporation  in  a  time  resolved  manner.  The  oxidation 
process  is  studied  from  very  initial  phases  (>15  s)  to  long  term  behaviour  (3000  h).  The  formed  oxide 
scales  are  analysed  by  XRD,  SEM/EDX  as  well  as  TEM/EDX. 

The  results  show  that  both  materials  form  an  oxide  scale  with  an  inner  layer  of  Cr203  and  a  spinel  layer 
on  top.  In  the  case  of  the  uncoated  material,  the  spinel  layer  is  of  (Cr,Mn)304  type  while  in  the  presence  of 
a  Co  coating  a  (Co,Mn,Fe)304  is  formed.  The  Cr  evaporation  measurements  show  that  despite  the  fact  that 
the  Co  coating  is  very  thin  (640  nm)  it  effectively  blocks  Cr  evaporation  for  at  least  3000  h.  This  is  in  line 
with  TEM  analysis  showing  that  after  3000  h  there  is  only  a  low  Cr  content  in  the  outer  oxide  scale.  This 
long  term  stability  indicates  the  suitability  of  the  coated  material  as  solid  oxide  fuel  cell  (SOFC) 
interconnect. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  solid  oxide  fuel  cell  (SOFC)  operating  temperatures  have 
decreased  in  recent  years,  ferritic  Fe— 22  Cr  steels  have  in  most 
cases  become  the  material  of  choice  for  interconnect  applications. 
This  type  of  material  offers  an  attractive  combination  of  relatively 
low  production  costs  and  a  number  of  other  advantages,  such  as  e.g. 
ease  of  fabrication,  good  mechanical  properties  and  excellent 
thermal  matching  with  the  other  SOFC  components.  However,  high 
temperature  corrosion  and  chromium  evaporation  remain  critical 
aspects  that  can  have  a  severe  impact  on  the  lifetime  of  a  SOFC 
stack.  The  trend  towards  lowering  the  operating  temperatures  of 
SOFC  to  as  low  as  600  °C  reduces  the  problems  with  corrosion. 
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However,  even  at  such  low  temperatures  substantial  amounts  of 
volatile  Cr02(0H)2  can  be  formed  [1,2].  Cathode  poisoning  due  to 
volatile  Cr  species  is  well-known,  and  there  are  numerous  publi¬ 
cations  discussing  the  mechanism  by  which  Cr  affects  SOFC 
performance  [3-8].  Several  investigators  have  shown  that 
Cr02(0H)2  is  by  far  the  dominant  volatile  Cr  species  under  SOFC 
operating  conditions  [9—11]. 

In  order  to  minimize  Cr  volatilization  and  to  achieve  a  stable  cell 
performance,  the  interconnect  material  has  to  be  coated  [12].  In 
recent  years,  numerous  studies  on  such  coatings  have  been  pub¬ 
lished,  out  of  which  most  studies  focus  on  oxides  of  perovskites  e.g. 
[13-16]  or  spinel  type  oxides  e.g.  [17-21],  using  various  coating 
techniques  such  as  PVD,  thermal  spraying  or  dip  coating.  Fewer 
publications  discuss  the  application  of  metallic  (mostly  Co  or  Co 
based)  coatings  e.g.  [22-25]  Stanislowski  et  al.  discussed  not  only 
Co  but  also  Cu  and  Ni  coatings  [26].  Metallic  coatings  will  usually 
oxidize  under  high  temperature  exposure  and  form  an  oxide  cap 
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Table  1 

Nominal  chemical  composition  of  the  steel  Sanergy  HT  [30].  The  Nb  and  Mo  addi¬ 
tions  promote  the  formation  of  laves  phase  precipitates. 


Element 

Fe 

Cr 

C 

Mn 

Si 

Al 

Mo 

Nb 

Ti 

Wt.% 

Bal. 

21.2 

0.040 

0.3 

0.12 

0.017 

0.96 

0.71 

0.09 

layer.  Metallic  coatings  are  expected  to  be  attractive  from  an 
economic  point  of  view  since  the  raw  materials  are  expected  to  be 
cheaper  than  rare  earth  based  ceramics  and  high  volume  produc¬ 
tion  processes  like  electroplating  are  feasible. 

Commonly  the  coatings  are  evaluated  in  terms  of  their  effect  on 
cell  performance  while  Cr  volatilization  is  not  measured  directly. 
Only  few  studies  [10,26-28]  have  directly  quantified  Cr  volatiliza¬ 
tion.  Such  studies  often  rely  on  a  transpiration  technique  where 
volatile  Cr  species  are  condensed  in  the  cooler  parts  of  the  setup. 
The  disadvantage  of  this  method  is  that  cumbersome  cleaning  is 
required  to  remove  the  deposited  chromium,  which  is  mainly  in  the 
trivalent  state.  This  further  requires  disassembling  the  whole  setup, 
with  the  consequence  that  only  discontinuous  measurements  are 
possible  and  the  time-resolution  is  limited.  In  the  present  study 
a  denuder  technique  that  was  recently  developed  at  Chalmers 
University  of  Technology  has  been  employed  [29].  This  technique 
relies  on  a  Na2C03  getter  which  collects  the  gaseous  Cr  species  at 
high  temperature  using  a  denuder  tube.  Hence,  this  method  allows 
continuous  isothermal  operation  and  avoiding  disassembling  the 
equipment  for  every  measurement. 

2.  Experimental 

2.1.  Materials 

The  samples  are  coupons  of  the  ferritic  Fe-22Cr  steel  Sanergy 
HT  (commercial  batch  no  518053)  with  the  dimensions 
15  x  15  x  0.2  mm3.  The  steel  has  been  manufactured  by  Sandvik  AB, 
its  composition  is  given  in  Table  1  [30].  In  the  study  at  hand,  the 
uncoated  material  is  compared  with  a  Co  coated  version.  The  Co 
film  (640  nm  thick)  was  applied  by  Sandvik  AB  in  a  proprietary  PVD 
process,  more  information  on  the  coating  process  can  be  found  in 
Ref.  [31  ].  It  is  important  to  note  that  the  samples  were  cut  after  the 
coating  was  applied,  thus  the  edges  are  uncoated  (this  is  discussed 
in  more  detail  in  Ref.  [29].  Before  exposure  the  samples  were 
degreased  and  cleaned,  both  in  acetone  and  ethanol,  using  an 
ultrasonic  bath.  The  gravimetric  measurements  were  made  using 
a  six  decimal  Sartorius  balance. 

2.2.  Exposures 

All  experiments  were  carried  out  at  850  °C  in  a  horizontal 
tubular  silica  glass  reactor  with  an  inner  diameter  of  46  mm  (see 
Fig.  1 ).  The  experimental  atmosphere  was  air  with  a  humidity  of  3% 
H20.  This  was  prepared  by  leading  the  dried  and  filtered  air  first 
through  a  humidifier  and  then  through  a  condenser  set  to 
a  temperature  of  24.4  °C.  The  experiments  were  carried  out  at 


a  flow  rate  of  6000  ml  min-1.  At  this  flow  rate  the  gas  has  an 
average  velocity  of  27  cm  s-1,  which  corresponds  to  a  regime  where 
the  evaporation  rate  is  not  flow  dependent.  A  more  detailed 
description  can  be  found  in  Ref.  [29].  The  only  differences  between 
isothermal  and  discontinuous  exposures  were  that  in  the  latter  case 
the  samples  were  taken  out  for  weighing  and  that  the  denuder  tube 
was  omitted.  The  given  exposure  time  (15  s-3000  h)  refers  to  the 
time  in  the  furnace.  This  implies  that  during  short  term  exposures 
the  samples  reached  a  temperature  that  was  substantially  lower 
than  850  °C.  For  the  short  term  exposures  (<600  s)  the  samples 
were  placed  in  an  alumina  boat  in  the  hot  zone  of  the  tube  furnace. 

Downstream  of  the  samples,  the  gas  is  fed  through  the  silica 
glass  denuder  tube  which  has  an  inner  diameter  of  6  mm.  The 
inside  of  the  denuder  tube  is  coated  with  Na2C03,  which  reacts  with 
the  volatile  Cr(VI)  to  Na2Cr04: 

Cr02(0H)2(g)  +  Na2C03(s)  -  Na2Cr04(s)  +  H20(g)  +  C02(g) 

The  denuder  tubes  are  replaced  regularly  and  rinsed  with  MQ 
water.  The  Cr  content  of  this  solution  is  subsequently  quantified  by 
photospectrometry  (Genesys  10UV,  Thermo  Scientific). 

By  comparing  the  weight  loss  of  Cr203  pellets  with  the  amount  of 
Cr  that  was  found  after  leaching  the  denuders,  the  collection  effi¬ 
ciency  of  the  denuder  method  was  extensively  tested  and  calculated 
to  be  95  ±  5%.  A  more  detailed  description  of  the  denuder  technique 
can  be  found  in  Ref.  [29]. 

2.3.  Analysis 

The  SEM  investigation  was  carried  out  using  an  FEI  Quanta  200 
FEG-SEM.  For  the  TEM  analysis  an  FEI  Titan  80-300  TEM/STEM 
working  at  300  kV  was  used.  Both  microscopes  were  equipped  with 
an  Oxford  Inca  EDX  system  that  was  used  for  compositional  anal¬ 
ysis.  The  TEM  thin  foils  were  prepared  with  an  in-situ  lift-out 
technique  using  an  FEI  Strata  235  DB  FIB/SEM  (focused  ion  beam/ 
scanning  electron  microscopy)  instrument. 

X-ray  diffraction  measurements  of  the  oxide  layers  formed  on 
the  steel  coupons  were  carried  out  using  a  Siemens  D5000 
diffractometer  with  a  grazing  incidence  set-up.  Cu-Ka  radiation 
was  used  and  the  measurements  were  carried  out  at  a  3°  angle  of 
incidence. 

3.  Results 

3.1.  Oxidation  and  Cr  evaporation 

Fig.  2  shows  the  mass  gains  for  the  coated  (triangle  symbols) 
and  uncoated  version  (square  symbols)  of  Sanergy  HT  as  a  function 
of  time.  Both  isothermal  (open  symbols)  and  discontinuous  expo¬ 
sures  (filled  symbols)  were  carried  out  at  850  °C.  The  mass  gain  of 
the  uncoated  material  matches  reasonably  well  to  parabolic 
kinetics  (fcp  =  Am 2 It  =  1.5  x  10-13  g2cm-4s-1).  After  3000  h  of 
exposure  a  mass  gain  of  approximately  1.2  mg  cm-2  is  recorded. 
The  Co  coated  material  exhibits  a  higher  mass  gain.  This  is  mainly 


Denuder  tube, 

Flow  restrictor  Samples  coated  wjth  Na2C03(s) 


Fig.  1.  Schematic  drawing  of  the  experimental  setup. 
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Fig.  2.  Mass  gain  of  640  nm  Co  coated  Sanergy  HT  (triangles)  compared  with  uncoated 
Sanergy  HT  (squares)  at  850  °C  in  air.  The  open  symbols  correspond  to  several 
isothermal  exposures  while  the  filled  symbols  represent  discontinuous  exposures.  The 
dashed  lines  are  manually  fitted  for  illustration,  the  dotted  lines  are  calculated  by 
adding  the  calculated  mass  loss  due  to  Cr  evaporation  to  the  measured  mass  gains. 


attributed  to  the  fast  oxidation  of  Co  in  the  initial  phase.  After  1  h 
a  mass  gain  of  0.26  mg  cm-2  is  detected.  This  matches  very  well  to 
an  expected  mass  gain  of  0.21  mg  cm-2  if  one  assumes  the  oxida¬ 
tion  of  a  640  nm  layer  of  metallic  Co  to  C03O4,  because  for  the 
uncoated  material  a  mass  gain  of  0.05  mg  cm-2  is  recorded. 
However,  over  time,  the  weight  gain  curves  between  uncoated  and 
Co  coated  steel  tend  to  diverge.  This  is  mainly  attributed  to  the 
higher  chromium  volatilization  of  the  uncoated  steel.  Although  the 
Co  coated  material  also  exhibits  some  Cr  evaporation,  the  rate  is 
much  lower  (see  Fig.  3).  The  fact  that  the  isothermal  and  discon¬ 
tinuous  exposures  fall  on  the  same  curve  (within  the  expected 
scattering  range)  indicates  that  the  scale  has  good  stability  under 
thermal  cycling  conditions. 

The  Cr  evaporation  from  both  materials  is  shown  in  Fig.  3.  The 
uncoated  material  was  measured  for  1000  h  while  the  Co  coated 
material  was  measured  for  more  than  3000  h.  The  Cr  evaporation 
rate  for  the  uncoated  material  is  about  one  order  of  magnitude 
higher  than  for  the  Co  coated  material.  The  evaporation  rate  of  the 
uncoated  material  decreases  slightly  with  time.  The  Co  coated 
material  on  the  other  hand  exhibits  an  evaporation  rate  of 
approximately  3  x  10  7  kg  m-2  h-1,  which  is  constant  throughout 
the  duration  of  the  experiment. 


In  order  to  compare  the  oxidation  kinetics  of  the  two  materials, 
one  has  to  compensate  for  the  mass  loss  due  to  Cr  evaporation  by 
adding  the  corresponding  mass  loss  to  the  measured  mass  gains. 
The  mass  loss  is  usually  calculated  as  loss  of  G2O3.  In  this  case 
a  minor  correction  has  to  be  made  as  it  is  expected  that  in  both 
cases  Cr  evaporates  from  a  spinel.  The  lost  Cr3+  ion  has  to  be 
replaced  by  a  M2+  that  needs  to  be  oxidized  to  M3+  which  requires 
I/3O2  per  G2O3  which  is  lost.  The  dotted  lines  in  Fig.  2  show  the 
theoretical  mass  gains  if  no  evaporation  had  taken  place.  It  can  be 
seen  that  the  curves  approximately  follow  the  same  kinetics. 

3.2.  Analysis  by  XRD 

X-ray  diffractograms  from  unexposed  Co  coated  Sanergy  HT  and 
from  samples  exposed  for  short  times  (0-3600  s)  are  shown  in 
Fig.  4.  The  time  refers  to  the  time  in  the  furnace  which  was  set  to 
850  °C.  However,  the  time  at  temperature  is  expected  to  be 
substantially  lower  if  reached  at  all  in  case  of  the  very  short 
exposures.  The  XRD  pattern  of  the  unexposed  sample  shows  peaks 
from  the  alloy  substrate  and  from  the  metallic  cobalt  coating,  which 
is  hexagonally  structured  in  the  as  coated  state.  The  pattern 
remains  largely  unchanged  after  15  s  of  heating,  while  20  s  of 
heating  produce  significant  changes;  the  peaks  from  the  hexago¬ 
nally  structured  cobalt  are  no  longer  detected.  Instead,  a  diffraction 
pattern  from  a  face  centered  cubic  structure  is  observed.  This  is 
related  to  a  phase  transition  of  the  metallic  cobalt  from  hep  to  fee.  In 
addition  there  appears  a  halite  structured  phase  proposed  to  be 
Coi_xO  and  a  spinel  structured  phase  proposed  to  be  C03O4.  For 
exposures  longer  than  30  s  (not  shown)  the  metallic  Co  is  absent  in 
the  diffractograms  indicating  rapid  oxidation  of  Co.  This  also 
explains  the  decrease  in  intensity  from  the  halite  type  oxide  that 
oxidizes  further  to  a  spinel  type  oxide.  The  samples  heated  for  60, 
600  and  3600  s  generate  similar  XRD  patterns,  showing  diffraction 
from  two  spinel  oxides  with  slightly  different  cell  volumes,  one 
giving  rise  to  strong  diffraction  while  the  other  produces  low 
intensity  peaks. 

3.3.  Electron  microscopy  analysis  of  uncoated  Sanergy  HT 

Fig.  5  shows  a  TEM  bright  field  (BF)  image  of  a  cross-section  of 
the  oxide  scale  of  uncoated  Sanergy  HT  after  1  h  of  exposure.  The 
oxide  scale  varies  in  thickness  between  100  and  250  nm.  The  oxide 
grains  are  not  clearly  visible  in  the  inner  part  of  the  oxide  scale, 
probably  because  their  diameter  is  smaller  than  the  TEM  lamella 


Fig.  3.  Accumulated  Cr  evaporation  as  a  function  of  time  for  Co  coated  Sanergy  HT 
(triangles)  and  uncoated  Sanergy  HT  (squares)  at  850  °C  (isothermal  exposure)  in  air. 


Fig.  4.  Diffractograms  of  Co  coated  Sanergy  HT  exposed  at  850  °C  for  various  times. 
The  expected  20  values  for  Co304  (S),  CoO  (CoO),  hexagonal  Co  (hep),  cubic  Co  (fee) 
and  ferritic  steel  (sub)  are  marked. 
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Fig.  5.  TEM  BF  image  of  a  cross-section  of  the  oxide  scale  formed  on  the  uncoated 
sample  after  1  h  exposure  at  850  °C. 


thickness  ( ~  100  nm)  so  they  cannot  be  clearly  resolved.  The  steel 
substrate  exhibits  a  dark  line  representing  an  alloy  grain  boundary 
while  the  bright  speckles  beneath  the  oxide  scale  are  due  to 
internal  oxidation  of  mainly  Ti.  Quantitative  TEM/EDX  maps  of  the 
oxide  scale  after  1  h  of  exposure  are  depicted  in  Fig.  6. 

At  this  stage  the  oxide  scale  does  not  exhibit  the  clear  separation 
between  an  inner  G2O3  and  an  outer  (Cr,Mn)304  scale  as  it  is 
commonly  observed  [32,33].  Although  the  EDX  maps  (Fig.  6)  show 
a  trend  towards  this  microstructure,  it  has  not  fully  evolved  yet. 


Instead  it  shows  a  rather  chaotic,  transient  type  of  oxidation.  It  can 
be  seen  that  the  oxide  scale  is  generally  Cr  rich,  although  the 
content  varies  from  50  to  90at.%  (cations).  The  other  main 
constituent  of  the  oxide  scale  is  Mn,  which  is  present  mainly  in  the 
outer  part  and  in  a  continuous  layer  at  the  metal  oxide  interface. 
Substantial  amounts  of  Fe  and  Ti  are  also  present  in  the  oxide  scale 
in  this  initial  stage. 

The  TEM  BF  image  presented  in  Fig.  7  shows  a  cross-section  of 
the  oxide  scale  after  168  h  of  exposure.  The  total  oxide  scale 
thickness  is  approximately  3  pm.  The  oxide  scale  consists  of  two 
distinct  layers;  an  inner  Cr203  layer  (2  pm)  and  an  outer  (Cr,Mn)304 
layer  (1-2  pm).  The  chromia  layer  consists  of  small  equi-axed 
grains  with  a  grain  size  of  less  than  approximately  200  nm.  In 
contrast,  the  spinel  grains  are  much  larger  and  elongated  parallel  to 
the  oxide  growth  direction.  A  Mn-rich  band  was  observed  by  EDX 
analysis  (not  shown)  in  the  bottom  part  of  the  scale  at  the  metal/ 
oxide  interface.  This  band  indicates  the  presence  of  an  inner  Mn-Cr 
spinel  oxide  beneath  the  Cr203  layer,  which  will  be  discussed  in 
more  detail  below.  The  precipitates  in  the  steel  substrate  are  Ti  rich 
internal  oxides.  They  also  contain  minor  amounts  of  Al  and  Cr.  At 
the  metal/oxide  interface,  precipitates  can  be  observed  that  appear 
dark  in  the  BF  image.  These  are  expected  to  be  of  Laves  phase  type 
which  is  frequently  reported  in  this  type  of  material  [32].  The 
composition  of  these  precipitates,  which  are  also  located  in  the  bulk 
of  the  material,  is  approximately  (at.%)  Fe  56%,  Nb  28%,  Cr  9%,  Mo 
6%.  Below  the  Laves  phase  grains  a  steel  grain  boundary  can  be 
observed.  However,  neither  feature  seems  to  have  a  significant 
impact  on  the  oxide  scale  morphology  in  their  vicinity,  although 
the  spinel  layer  appears  to  be  somewhat  thicker  in  this  area. 


Fig.  6.  Quantitative  TEM/EDX  maps  of  the  oxide  scale  formed  on  the  uncoated  sample  after  1  h  exposure.  (90°  rotated  view). 
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Fig.  7.  TEM  BF  image  of  a  cross-section  of  the  oxide  scale  formed  on  the  uncoated  sample  after  168  h  exposure  at  850  °C. 


The  scale  morphology  of  the  uncoated  sample  after  3000  h  can 
be  seen  in  Fig.  8.  The  oxide  scale  thickness  is  approximately 
12-14  pm,  the  main  part  comprising  of  G2O3  (approximately 
10-12  pm).  Beneath  the  oxide  scale  fine  precipitates  can  be  found 
due  to  internal  oxidation  of  minor  alloying  elements  such  as  Ti  or 
Al.  In  the  steel,  a  number  of  Nb  rich  Laves  phase  type  precipitates 
can  be  found.  The  EDX  analysis  of  the  steel  matrix  shows  that  the 
steel  matrix  is  depleted  in  Cr  (approximately  16at.%  left)  and  Mn 
(below  the  detection  limit).  The  depletion  of  Mn  explains  the 
absence  of  the  inner  Mn— Cr  spinel  oxide  layer  observed  after  168  h 
(see  discussion). 

3.4.  Electron  microscopy  analysis  of  Co  coated  Sanergy  HT 

The  TEM  analysis  after  20  s  oxidation  (Fig.  9)  confirms  the 
findings  of  the  XRD  analysis.  The  oxidation  time  was  sufficiently 
short  to  oxidize  only  the  outer  part  of  the  Co  layer  while  approxi¬ 
mately  half  the  original  thickness  is  still  present  as  metallic  Co.  At 
the  steel/coating  interface,  a  thin  layer  of  native  oxide  is  present. 


Fig.  8.  SEM  backscattered  electron  image  of  a  cross-section  of  the  oxide  scale  of 
uncoated  Sanergy  HT  after  3000  h  isothermal  exposure  at  850  °C. 


The  grain  size  of  the  Co  layer  is  approximately  500  nm  with  the 
grain  boundaries  being  mainly  perpendicular  to  the  sample  surface. 
The  Co-oxide  scale  is  very  fine-grained  and  has  a  double  layered 
stratigraphy.  Based  on  the  XRD  results  it  is  proposed  that  the  outer 
layer  (approximately  200  nm  thick)  is  C03O4,  while  the  inner  layer 
(50  nm)  comprises  of  CoO.  While  the  Co  oxides  are  pure  (within  the 
accuracy  of  the  EDX  system),  the  metallic  Co  layer  contains,  closest 
to  the  steel,  approximately  1.5at.%  Fe  and  lat.%  Cr.  Moreover,  the 
steel  closest  to  the  surface  contains  l-2at.%  Co.  This  shows  that 
interdiffusion  of  both  Fe  and  Cr  into  the  coating  and  Co  into  the 
steel  has  occurred  during  heating. 

After  1  h  of  exposure  (depicted  in  Fig.  10),  the  Co  layer  is 
completely  oxidized.  The  oxide  layer  consists  of  an  outer  part  that  is 


Fig.  9.  TEM  BF  image  of  a  cross-section  of  the  oxide  scale  formed  on  the  Co  coated 
sample  after  20  s  exposure. 
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Fig.  10.  TEM  BF  image  of  a  cross-section  of  the  oxide  scale  formed  on  the  Co  coated  sample  after  1  h  exposure  at  850  °C.  The  line  marks  the  location  of  the  EDX  line  scan  presented  in 
Fig.  10. 


1.5  pm-2  pm  thick  and  consists  of  large  equiaxed  grains  ( ~  500  nm 
in  diameter).  This  part  of  the  oxide  scale  also  contains  a  number  of 
pores  indicating  a  fast  growth  of  the  oxide.  The  bottom  part  of  the 
scale  is  fine-grained  and  has  a  thickness  in  the  range  150-500  nm. 
The  interface  between  these  layers  is  perfectly  straight  and  is 
considered  to  correspond  to  the  former  substrate/coating  interface. 

To  further  investigate  the  oxide  scale  morphology  after  1  h 
oxidation,  TEM/EDX  quantitative  mapping  was  carried  out  (see 
Fig.  12).  The  most  apparent  feature  is  that  the  outer  (large-grained) 
scale  consists  of  two  layers  that  can  hardly  be  distinguished  in  the 
TEM-BF  image.  Both  parts  seem  to  be  spinel  type  oxides.  However, 


the  outermost  part  has  a  Co:Fe  ratio  that  is  close  to  9:1  while  in  the 
inner  part  of  the  large  grained  oxide  the  Co:Fe  ratio  is  approxi¬ 
mately  1:1.  The  sharp  drop  in  Fe  concentration  in  the  spinel  layer  is 
also  illustrated  in  the  linescan  presented  in  Fig.  11.  The  linescan 
starts  in  the  steel  substrate  (left),  continues  through  the  inner  part 
of  the  oxide,  and  ends  just  below  the  sample  surface. 

The  Mn  map  in  Fig.  12  shows  that  diffusion  of  Mn  into  the  large 
grained  oxide  is  on-going.  However,  after  1  h,  the  Mn  content  in  the 
oxide  grain  centres  is  still  very  low.  Instead  Mn  diffuses  along  the 
oxide  grain  boundaries.  The  amount  of  Mn  seems  to  be  higher  in 
the  inner  (Fe  rich)  part  of  the  spinel-type  large  grained  oxide.  Fig.  12 


Fig.  11.  EDX  line  scan  from  the  steel  (left)  through  the  oxide  scale  of  the  coated  sample  after  1  h  of  exposure  at  850  °C.  See  Fig.  9  for  exact  position. 
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shows  that  the  fine-grained  bottom  part  of  the  scale  consists 
mainly  of  G2O3.  This  part  of  the  scale  also  includes  substantial 
amounts  of  small  (<100  nm)  MnCr  oxide  particles  proposed  to 
consist  of  (Mn,Cr)304.  Although  they  are  present  in  the  whole  inner 
oxide  scale,  the  highest  concentration  of  these  particles  can  be 
found  at  the  metal/oxide  interface. 

Fig.  13  shows  the  oxide  scale  morphology  of  the  Co  coated 
sample  after  168  h  of  exposure.  The  total  oxide  scale  thickness  is 
4  pm.  The  outer  scale  which  is  2.5  pm  thick  consists  of  large  spinel 
grains  with  a  diameter  of  up  to  2  pm.  Beneath  the  outer  scale,  an 
approximately  1.5  pm  thick  fine  grained  (grain  size  -100  nm) 
0*203  scale  can  be  found.  Compared  to  the  1  h  exposure  (see 
Fig.  10),  the  porosity  of  the  outer  layer  seems  to  have  decreased 
which  indicates  a  healing  mechanism.  At  the  metal  oxide  interface, 
an  approximately  300  nm  thick  layer  of  Mn  rich  spinel  type  oxide 
can  be  found  (see  Fig.  14).  This  appears  to  be  the  same  type  of  oxide 
as  observed  on  the  uncoated  steel  in  Fig.  7.  However,  it  is  more 
pronounced  in  the  Co-coated  material.  Electron  diffraction 
confirmed  the  spinel  structure  of  this  oxide  [34].  TEM/EDX  analysis 
revealed  that  the  Cr203  scale  is  relatively  pure  (>98at.%  cations) 
and  that  the  spinel  layer  has  a  more  uniform  composition  than  after 
1  h.  The  inner  half  of  the  spinel  exhibits  a  rather  constant  Co:Fe 
ratio  of  5:3  which  gradually  increases  to  the  outer  part  (up  to 
approximately  8:1  at  the  surface).  Mn  is  almost  evenly  distributed 
in  the  outer  spinel  with  an  average  concentration  of  approximately 
10  cation%.  Even  though  the  centres  of  the  largest  spinel  grains 
appear  to  contain  less  Mn. 

ATEM  BF  image  of  a  cross-section  of  the  oxide  scale  after  3000  h 
of  exposure  is  depicted  in  Fig.  15.  The  thickness  of  the  outer  spinel 
varies  between  1.5  and  3  pm.  Under  the  spinel  layer,  a  8-10  pm 


thick  chromia  layer  can  be  found.  The  chromia  grain  size  varies 
between  approximately  100  and  300  nm,  whereas  the  spinel  grains 
are  in  the  order  of  few  pm.  The  TEM/EDX  analysis  shows  that  the 
G2O3  layer  is  pure  (>99at.%),  and  that  the  composition  of  the  spinel 
layer  is  constant  over  the  layers  thickness  with  a  composition  that 
matches  C01.7Mno.75Feo.55O4.  Fig.  16  shows  a  EDX  linescan  taken 


Fig.  13.  TEM  BF  image  of  a  cross-section  of  the  oxide  scale  formed  on  the  Co  coated 
sample  after  168  h  exposure  at  850  °C. 
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Fig.  14.  Quantitative  TEM/EDX  maps  of  the  oxide  scale  formed  on  the  Co  coated  sample  after  168  h  exposure.  (90°  rotated  view). 


from  the  outermost  part  of  the  Cr203  layer  (left)  through  the  whole 
thickness  of  the  (Co,Mn,Fe)304  layer.  At  this  position  the  spinel 
layer  is  1.8  pm  thick  and  except  for  an  area  that  is  approximately 
1.3  pm  deep  in  the  spinel  the  Cr  content  in  the  outer  spinel  layer 
is  less  than  lat.%.  This  together  with  the  Cr  evaporation  data 
illustrates  the  effectiveness  of  the  Co  layer  even  after  3000  h  of 
exposure. 

4.  Discussion 

Although  it  is  well-known  that  the  chromium  volatilization 
from  stainless  steels  can  be  reduced  substantially  by  Co  coatings, 
only  a  few  studies  have  quantified  the  effect.  Kurokawa  et  al.  [27] 
investigated  430  steel  that  was  spray  and  dip  coated  with 
MnCo204  (oxide),  and  report  a  reduction  of  Cr  evaporation  for  this 
material  of  a  factor  of  3  (dip  coated)  and  20  (spray  coated)  with 
coatings  thickness  of  35  pm  and  20  pm  respectively.  The  extensive 
investigation  of  different  coatings  by  Stanislowski  et  al.  [26]  shows 
the  high  efficiency  of  a  Co  sputter  coating  of  approximately  6  pm 
thickness.  To  the  authors  knowledge  there  is  no  previous  work  on 
sub-micron  Co  coatings  and  long-term  investigations  of  Cr  vola¬ 
tilization,  as  presented  in  the  present  paper,  are  lacking.  As  inter¬ 
diffusion  of  substrate  and  coating  elements  is  a  widespread 
problem  (observed  e.g.  in  Ref.  [26]),  it  is  counterintuitive  to  expect 
long  lifetimes  for  very  thin  coatings.  However,  Fig.  3  highlights  the 
stability  of  the  640  nm  Co  coating  over  3000  h  with  no  trend 
pointing  towards  a  degradation  of  the  coating.  This  is  confirmed  by 
TEM/EDX  analysis  after  3000  h,  which  shows  less  than  lat.%Cr  in 
the  outer  oxide  layer.  Nonetheless  the  diffusion  of  other  steel 


alloying  elements  (Mn  and  Fe)  into  the  coating  is  observed.  The 
mass  gain  data  of  the  discontinuous  exposures  presented  in  Fig.  2 
also  indicate  a  good  stability  against  thermal  cycling.  However, 
more  work  employing  harsh  thermal  cycling  tests  are  required  to 
verify  this  result. 

Fig.  17  shows  a  schematic  drawing  of  the  chronology  of  the 
oxidation  process  for  the  Co  coated  material.  The  results  show  that 
the  metallic  Co  layer  oxidizes  quickly  during  heating  (in  less  than 
30  s).  In  this  short  period  of  time  a  number  of  processes  can  be 
observed.  First,  and  as  long  as  a  layer  of  metallic  Co  is  present,  the 
interdiffusion  of  Co  into  the  substrate  and  Fe  and  Cr  into  the  coating 
takes  place.  The  presence  of  Fe  in  the  Co  layer  promotes  a  phase 
transition  from  hexagonal  Co  into  cubic  Co  that  is  taking  place  as 
illustrated  by  the  phase  diagram  in  Fig.  18. 

Following  this,  once  the  Co  layer  is  completely  oxidized,  no 
further  diffusion  of  Fe  into  the  coating  is  observed.  This  conclusion 
is  based  on  the  fact  that  the  amounts  (concentration  x  thickness)  of 
Fe,  measured  by  TEM/EDX  in  the  spinel  layer  after  1,  168,  and 
3000  h,  is  not  increasing  over  time.  This  behaviour  of  Fe  is  expected 
and  is  attributed  to  the  selective  oxidation  of  the  more  reactive 
alloy  constituents. 

After  1  h  of  exposure  the  Co  coated  sample  has  formed  a  2  pm 
thick  oxide  layer  due  to  the  fast  oxidation  of  the  Co.  The  Cr  rich  layer 
that  appears  to  be  inward  growing  is  mixed  with  Mn  rich  oxide 
particles,  indicating  that  the  exposure  time  was  too  short  to 
produce  the  usually  observed  stratigraphy.  The  Mn  content  in  the 
outer  Co  rich  spinel  grains  is  rather  low  and  the  EDX  map  in  Fig.  12 
clearly  shows  that  Mn  is  diffusing  outwards  along  the  grain 
boundaries.  Despite  this,  no  substantial  amounts  of  Mn  have 
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Fig.  15.  TEM  BF  image  of  the  a  cross-section  of  the  oxide  scale  formed  on  the  Co  coated  sample  after  3000  h  exposure  at  850  °C. 


reached  the  surface  after  1  h.  Figs.  11  and  12  also  show  a  step  in  Fe 
concentration  within  the  spinel  layer.  It  is  suggested  that  this  is 
related  to  the  transition  from  Fe2+  to  Fe3+.  According  to  Wagners 
oxidation  theory,  an  oxygen  activity  gradient  is  present  in  the 
spinel  layer.  Thus,  the  mobile  Fe2+  ions  reach  a  position  in  the  scale 


where  the  higher  oxygen  activity  favours  the  oxidation  from  Fe2+  to 
less  mobile  Fe3+. 

After  168  h  of  exposure,  the  uncoated  material  exhibits  the 
Cr203/(Cr,Mn)304  duplex  layer  scale  that  has  been  frequently 
observed  for  Sanergy  FIT  and  similar  Fe— 22Cr  steels  [35,36].  The 


Fig.  16.  EDX  linescan  through  the  outer  part  of  the  oxide  scale  of  the  Co  coated  sample  after  3000  h  of  exposure  at  850  °C. 
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Fig.  17.  Schematic  drawing  of  the  development  of  the  oxide  scale  morphology  of  the  Co  coated  sample. 


scale  thickness  has  grown  from  200  nm  (after  1  h)  to  3  pm  with 
a  thickness  ratio  of  approximately  1:1  between  G2O3  and 
(Cr,Mn)304.  In  the  Co  coated  case,  the  Cr2C>3  layer  has  grown  to 
a  thickness  of  approximately  1.5  pm  after  168  h  which  is  about  3 
times  the  thickness  it  exhibited  after  1  h.  In  contrast,  the  Co  rich 
spinel  layer  has  only  grown  slightly  in  thickness.  Thus  the  thickness 
ratio  has  changed  from  1 :5  after  1  h  to  3:5  after  168  h.  Inspection  of 
the  EDX  maps  shows  that  the  concentration  gradients  observed 
after  1  h  have  evened  out  over  time.  The  Co:Fe  ratio  is  still  higher 
closer  to  the  surface,  but  instead  of  a  stepwise  increase  there  is 
a  smooth  gradient  throughout  the  whole  spinel  layer  thickness.  Mn 
has  enriched  and  also  distributed  more  evenly  in  the  spinel  layer, 
and  only  the  centres  of  the  largest  spinel  grains  exhibit  lower  than 
average  Mn  contents.  It  is  concluded  that  the  growth  of  the  outer 
spinel  layer  can  be  mainly  attributed  to  the  incorporation  of  Mn 
supplied  by  the  steel  substrate. 


Fig.  18.  Selected  part  of  the  Co-Fe  phase  diagram,  based  on  calculations  by  Factsage 
[39]. 


In  both  the  uncoated  and  the  Co  coated  material,  a  Mn  rich 
phase  is  observed  at  the  metal/oxide  interface  (Fig.  14).  This  phase 
has  been  identified  as  cubic  spinel  by  electron  diffraction  [34]. 
Although  this  inner  spinel  is  more  pronounced  in  the  Co  case,  it  is 
also  clearly  visible  for  the  uncoated  material.  Such  segregation  of 
Mn  rich  oxide  at  the  metal/oxide  interface  has  been  observed  by 
other  researchers  [36].  The  following  mechanism  is  suggested  to 
explain  the  presence  of  a  spinel  layer  beneath  the  G2O3  layer:  Since 
the  solubility  for  Mn  in  Cr203  at  low  oxygen  partial  pressure  is 
negligible  [37,38],  the  oxidation  of  Mn  forces  the  formation  of 
MnCr204  at  the  metal/oxide  interface. 

This  is  caused  by  the  fact  that  the  Cr-Mn  spinel  phase  is  ther¬ 
modynamically  favoured  compared  to  the  presence  of  separate 
Mn0/Cr203  phases  [37,38].  Although  Mn  gradually  diffuses 
outwards  through  the  Cr203,  the  higher  mobility  of  Mn  in  the  steel 
compared  to  the  mobility  in  Cr203  causes  an  accumulation  of  Mn  at 
the  metal/oxide  interface.  It  is  speculated  that  the  presence  of  an 
outer  Co-rich  spinel  reduces  the  diffusion  of  Mn  through  the  scale 
and  thus  causes  a  larger  accumulation  of  Mn  at  the  metal/oxide 
interface. 

After  3000  h  of  exposure,  the  steel  is  completely  depleted  in  Mn, 
both  in  the  coated  and  in  the  uncoated  case.  The  inner  spinel  at  the 
metal/oxide  interface  has  also  disappeared,  which  is  in  line  with  the 
discussion  above.  Due  to  the  fact  that  the  Mn  supply  from  the  steel 
has  ceased  at  this  stage,  the  composition  of  the  outer  spinel  layer  of 
the  Co  coated  sample  has  completely  evened  out  after  3000  h. 
However,  this  does  not  seem  to  have  an  effect  on  its  Cr  blocking 
properties  (see  Fig.  3).  Thus  a  long  term  stability  is  expected  that 
exceeds  3000  h.  The  outer  spinel  layer  has  almost  the  same  thick¬ 
ness  after  168  h  (Fig.  13)  and  3000  h  (Fig.  15).  Thus,  the  scale  growth 
after  longer  exposures  can  be  mainly  attributed  to  a  growth  of  the 
underlying  Cr203  layer.  This  growth  is  expected  to  continue  for 
longer  exposure  times,  in  this  context  it  is  important  to  note  that 
850  °C  is  a  very  demanding  environment  for  a  thin  foil  (0.2  mm)  of 
Fe-22Cr  steel.  The  uncoated  material  has  reached  a  Cr  concentra¬ 
tion  of  only  16at.%  after  3000  h,  which  fits  very  well  to  the  calculated 
Cr  loss  due  to  the  observed  oxide  scale  thickness  and  measured  Cr 
evaporation.  Although  no  breakaway  corrosion  was  observed,  this 
level  is  considered  to  be  close  to  the  onset  of  breakaway  corrosion 
[36].  Even  though  the  Cr203  thickness  for  the  Co  coated  material  is 
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similar  to  that  of  the  uncoated  material,  this  material  is  expected  to 
have  a  higher  Cr  content  due  to  the  lower  Cr  evaporation  and  the 
lack  of  a  Cr  rich  spinel  layer.  This  is  in  line  with  EDX  measur¬ 
ements  although  it  does  not  fit  as  well  as  for  the  uncoated  case. 

5.  Conclusions 

The  comparison  of  uncoated  Sanergy  HT  with  a  640  nm  Co 
coated  version  of  Sanergy  HT  leads  to  the  conclusion  that  the  Co 
coated  version  possesses  properties  which  makes  it  suitable  for 
SOFC  interconnect  applications.  The  Cr  evaporation  measurements 
(Fig.  3)  show  that  the  evaporation  rate  is  approximately  one  order 
of  magnitude  lower  than  for  the  uncoated  material.  It  is  important 
to  note  that  the  Co  coated  material  exhibits  a  constant  evaporation 
rate  over  the  whole  duration  of  the  exposure  (3000  h).  The  differ¬ 
ence  in  Cr  evaporation  kinetics  between  both  materials  is  due  to 
a  modification  of  the  oxide  scale  by  the  Co  coating.  Both  materials 
form  an  inner  scale  of  Cr203  that  is  covered  by  a  spinel  layer.  The 
uncoated  material  forms  an  outer  (Cr,Mn)304  scale  that  gives  rise  to 
substantial  Cr  volatilization,  while  the  coated  steel  forms 
a  (Co,Mn,Fe)304  spinel  on  top  of  the  Cr203  layer.  The  low  rate  of  Cr 
evaporation  for  the  Co  coated  material  is  because  of  the  absence  of 
Cr  in  the  outer  spinel  layer.  TEM/EDX  analysis  showed  that  this 
layer  contains  less  than  at.1%  Cr  even  after  3000  h.  The  presence  of 
Fe  in  the  Co  rich  spinel  layer  can  be  understood  by  the  investigation 
of  very  short  exposures.  After  20  s  the  Co  layer  is  not  yet  completely 
oxidized.  At  this  stage  interdiffusion  between  the  steel  substrate 
and  metallic  Co  is  observed.  Once  the  metallic  Co  layer  is 
completely  oxidized  (<30  s),  the  Fe  supply  to  the  oxide  ceases. 
Initially  the  Fe  rich  oxide  is  located  in  the  innermost  part  of  the 
spinel  layer,  and  it  takes  substantially  longer  than  a  week  to  even 
out  this  concentration  gradient. 
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